General transcription factor IIH (TFIIH) is a complex RNA polymerase II basal transcription factor comprising 10 different polypeptides that display activities involved in transcription and DNA repair processes. Although biochemical studies have uncovered TFIIH importance, little is known about how the mRNAs that code for TFIIH subunits are regulated. Here it is shown that mRNAs encoding seven of the TFIIH subunits (p34, p44, p52, p62, XPB, CDK7, and p8) are regulated at the posttranscriptional level in a Dicer-dependent manner. Indeed, abolition of the miRNA pathway induces abnormal accumulation, stabilization, and translational activation of these seven mRNAs. Herein, miR-27a was identified as a key regulator of p44 mRNA. Moreover, miR-27a was shown to destabilize the p44 subunit of the TFIIH complex during the G2-M phase, thereby modulating the transcriptional shutdown observed during this transition. This work is unique in providing a demonstration of global transcriptional regulation through the action of a single miRNA.
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T o maintain cellular homeostasis, cells have evolved a myriad of specialized pathways, among which basal transcription and DNA repair play crucial roles. Both mechanisms are mainly regulated by the multisubunit complex termed TFIIH (general transcription factor IIH) formed by two modules, the core and the CAK [cyclin-dependent kinase (CDK)-activated kinase], each displaying distinguishable activities and differential protein composition (1) (2) (3) . Whereas the core is constituted by seven polypeptides (p34, p44, p52, p62, XPB, XPD, and p8) and is indispensable for transcription and DNA repair (4), the CAK contains only three proteins (CDK7, CycH, and MAT1) and is required to modulate transcription by phosphorylating the carboxyl terminal domain of RNA polymerase II (5) . Moreover, the CAK module regulates cellcycle progression by phosphorylating CDKs during G2-M transition in an autonomous fashion (6) .
Mutations in different TFIIH subunits lead to severe clinical disorders that range from mental retardation to cancer predisposition. This predisposition is manifested in patients displaying three clinically well-characterized syndromes-Xeroderma Pigmentosum, Cockaine syndrome, and Trichothiodystrophyhighlighting the importance of maintaining TFIIH integrity (7) (8) (9) . Lessons learned from mutations encountered on patients helped to unravel which activities of TFIIH were modified in different clinical contexts. However, it has not been possible either to link specific mutations with a particular syndrome or with clinical severity (10) (11) (12) . Nevertheless, all three clinical anomalies are taught, in principle, to be caused by diminished transcriptional and DNA repair activities often associated with reduced TFIIH stability. In vitro-obtained data show that naturally occurring mutations in XPD or p44 that alter the XPD/p44 or p44/p62 interaction may affect the composition of TFIIH by decreasing levels of XPD and CAK subunits associated with the core. On the other hand, mutations in XPB and p52 may prevent XPB anchoring to the core, ultimately leading to reduced amounts of core TFIIH (13) .
The undoubted role of TFIIH as a transcription complex and the fact that transcription needs to be severely down-regulated during G2-M to resume cell-cycle progression, led to hypothesize that TFIIH might have a role in this regulatory event. Indeed, several reports have attempted to address whether TFIIH regulates the transcriptional shutdown observed during this transition (14, 15) . In that regard, it was shown in Drosophila that XPD expression is down-regulated during G2-M with a concomitant increase in TFIIH-independent CAK activity, thus promoting mitotic progression (16) . Because the absence of any core TFIIH subunit will irremediably lead to a transcriptional defect, we thus hypothesize that modulation of the TFIIH-coding mRNA at the expression/translation levels could modulate the transcriptional landscape of the cell through cell-cycle progression, specifically regulating the G2-M phase.
Herein we describe that 7 of 10 mRNAs that code for TFIIH subunits are regulated at the posttranscriptional level by the miRNA pathway. Importantly, we demonstrate that a cell cycle-dependent miRNA regulation of the p44 coding mRNA by miR-27a modulates the transcriptional shutdown observed during G2-M transition.
Results

TFIIH-Coding mRNAs Are Regulated at the Posttranscriptional Level
in a Dicer-Dependent Manner. To address whether the levels of any TFIIH-coding mRNAs might be modulated, a screening wasperformed. For the screening, 293 cells were grown in normal (+FCS) or serum-depleted medium (−FCS) and mRNA levels of all subunits were measured by RT-qPCR. The level of two mRNAs remain unchanged (XPD, CycH), one was down-regulated (MAT1), and seven (p34, p44, p52, p62, XPB, CDK7, p8) were increased upon serum deprivation (Fig. 1A and Figs. S1 and S2).
The stability of mRNA is often regulated by elements located in their 3′ untranslated regions (3′UTR) (17) (18) (19) . In that regard, miRNAs have emerged as key regulators of mRNA translation and decay. These 21-to 24-nucleotide long single-stranded RNAs are generated from sequential processing of primarymiRNA transcripts by Drosha and Dicer (20) (21) (22) and integrated into the RNA-induced silencing complex (RISC). Once into the RISC, miRNAs bind the 3′UTR of target mRNAs to suppress translation or direct their degradation (23) (24) (25) . To address whether the regulation of the mRNA levels of the different TFIIH subunits was dependent on their 3′UTR sequences, luciferase (Luc) reporter plasmids bearing the 3′UTR of each of the seven TFIIH subunits were constructed and transfected into 293-Dicer cells genetically modified to develop a conditional knock-down of Dicer (293-Dicer) in the presence of doxycyclin (DOX) (Fig. S3) (26) . We observed that the luciferase activity of the seven reporters increased upon serum deprivation in cells that were not treated with DOX ( Fig. 1B and Fig. S4 ). Conversely, results obtained upon DOX addition (+DOX) indicate that the miRNA machinery is required to maintain the expression levels under normal growth conditions, whereas this posttranscriptional control is abolished in serum-deprived cells (Fig.  1B and Fig. S4 ).
miR-27a Is a Regulator of p44 mRNA. Our results indicate that the posttranscriptional fate of several TFIIH subunits is regulated by their 3′UTR and is controlled by a Dicer-dependent mechanism. Prediction algorithms of miRNA target sites (miRGator) confirmed that these seven TFIIH-coding mRNAs are potentially targeted by miRNAs (Table S1 ). Because the p44 subunit plays a role in RNA pol II promoter-escape modulating transcription (27) and its coding mRNA presents only three predicted miRNA binding sites (miR-27a, miR-27b, miR-189), we focused our study on p44 mRNA. To experimentally identify miRNAs regulating p44 mRNA translation/stability, we used a method that allows the identification of miRNAs binding to a particular 3′ UTR in vivo (28) and further validated the interaction by intracellular localization/interaction with the RISC complex. The method is based on the ability of the bacteriophage MS2-coat protein (MS2) to bind with an MS2-RNA repetitive sequence (29, 30) . A reporter system (pTIT) containing the MS2-RNA repetition (24×) followed by p44 3′UTR under the control of an SV40 promoter was generated ( Fig. 2A ) and transfected into a stable cell line derived from 293-Dicer cells expressing the MS2-GFP fusion protein. Transfected cells express the MS2-RNA repetition followed by p44-3′UTR ( Fig. 2A) , which interacts with the MS2-GFP protein produced by the host cell (Fig.  2B) . Immunopurification of the MS2-GFP/MS2-RNA complex by GFP-immunoprecipitation allowed the identification of the coimmunoprecipitated miRNAs interacting with p44-3′UTR (RT-qPCR). In normal growth conditions, only miR-27a-but neither miR-27b nor miR-189-interacts with p44 WT 3′UTR (UTR) ( Fig. 2C and Fig. S5 ). This binding was abolished in reporters bearing either an unrelated 3′UTR (SV40 LP) or a p44 3′UTR mutated in the miR-27a binding site (mUTR) (Fig. S5) , confirming the specificity of the miR-27a-p44 3′UTR interaction (Fig. 2D) . Moreover, in the absence of miRNAs no interaction was detected (Fig. 2E) . Furthermore, endogenous p44 mRNA as well as the reporter containing the WT p44 3′UTR (UTR) colocalize with integral components of p-bodies, including GW182, DCP-1, and AGO-2 (31, 32) (Fig. 2F , Top and Middle, and Fig.  S6 ), whereas the mutated reporter (mUTR) is excluded (Fig. 2F , Bottom). These data indicate that the subcellular localization of the endogenous p44 mRNA is under the control of its 3′UTR through its interaction with miR-27a.
To further characterize miR-27a/p44 3′UTR interaction, MS2-GFP obtained from cells transfected with pTIT-UTR or pTITmUTR was immunoprecipitated. Whereas AGO2 is recruited to the reporter bearing the p44 WT-3′UTR ( . To confirm the specificity of the miR-27a-p44 3′UTR interaction, three luciferase reporters containing either the p44 WT-3′UTR (UTR), a p44 3′UTR deletion mutant that lacks the first 53 nt eliminating the miR-27a binding site (ΔUTR) or a reporter mutated within the miR-27a seed region (mUTR) were constructed (Fig. S5 ). Reporters were transfected in 293-Dicer cells and Luc activity was measured. The abolition miR27a binding site (Fig. 3A , lane 2) and its mutation in the seed region (Fig. 3A , lane 3) resulted in increased Luc activity, reflecting a higher translation efficiency of these reporters compared with the WT 3′UTR (Fig. 3A, lane 1) . This finding confirms the specificity of the miR-27a-p44 3′UTR interaction and emphasizes the requirement of a functional target sequence in the 3′ UTR to achieve full translational control of p44.
The next goal was to investigate the functional consequences of miR-27a-p44 mRNA interaction. Therefore, an antisense oligonucleotide that blocks miR-27a (ASO) was used and endogenous p44 mRNA levels were measured (Fig. 3B ). Our results confirmed that inactivating miR-27a with ASO results in the accumulation of endogenous p44 mRNA (Fig. 3B, lane 2) . Conversely, transfection of a miR-27a mimic reduces p44 mRNA levels (miR-27a) (Fig. 3B, lane 3) . Interestingly, a siRNA directed against p44 mRNA (Fig. 3B, lane 4) reduces p44 levels to the same extent than miR-27a (Fig. 3B, lanes 3 and 4) . Neither mock (Fig. 3B, lane 1) nor scrambled transfected oligonucleotides (Fig. 3B , lane 5) display any difference. Moreover, cotransfection of p44-3′UTR Luc reporter with miR-27a ASO increases translation of the reporter (Fig. 3C, lane 2) , whereas cotransfection with a mimic reduces p44 translational rate (miR27a) (Fig. 3C lane 3) . No differences were observed in mock- (Fig. 3C, lane 1) or scrambled-treated samples (Fig. 3C, lane 4) . Moreover, none of these treatments display any difference relative to mock-or scrambled-treated cells when the reporter carrying the p44 3′UTR was mutated at the miR-27a binding site (mUTR) (Fig. 3D ). Western blot against the endogenous p44 subunit was performed in cells treated with ASO, miR-27a, p44 siRNA, or Sc. As expected, cells transfected with miR-27a or p44 siRNA display reduced amounts of p44 respect to mock-or Sc-treated cells. Taken together, our results demonstrate that miR-27a mediates the destabilization of p44 mRNA and controls its translation and stability. Intriguingly, ASO treatment resulted in a very mild increase of p44 protein, suggesting that the regulation of this subunit by the endogenous miR-27a should take place in a minority of the cell population (Fig. 3E) . miR-27a Modulates Basal Transcription by Targeting the p44 Coding mRNA. We then investigated whether the regulation of p44 by miR-27a had a functional consequence on transcriptional activity. The introduction of miR-27a mimic led to a 60% reduction of total 3 H-Uridine incorporation into RNA compared with control cells (Fig. 3F) , indicating that reduced amounts of p44 are sufficient to induce a transcriptional shutdown, underscoring the biological relevance of our findings. We previously showed that p44 mUTR and sUTR are insensitive to the presence/activity of miR27a, whereas the WT 3′UTR is regulated by this miRNA (Figs. 2  and 3 ). To confirm that miR-27a action over p44 mRNA was responsible for the transcriptional shutdown observed, rescue experiments were performed using an N-terminal MYC epitope tagged-p44 overexpressing vector where p44 coding mRNA was controlled by UTR, mUTR, or synthetic sUTR. The capacity of these vectors to rescue the transcriptional shutdown observed upon miR-27a transfection was assessed. For that, the transcriptional activity in 293-Dicer cells cotransfected with miR-27a and either with p44-UTR, p44-mUTR, or p44-sUTR was measured. Whereas overexpression of p44-UTR only partially rescued the transcriptional shutdown induced by miR-27a (Fig. 3H) , overexpression of p44-mUTR and p44-sUTR substantially rescue transcription (Fig. 3G) , indicating that only p44 mRNA that cannot be targeted by miR-27a restores transcription to normal levels, demonstrating that p44 is the key target of miR-27a. During the G2-M phase, transcription is severely down-regulated. Interestingly, miR-27a has been recently implicated in the control of G2-M transition in transformed cells (33) . Our observation that miR-27a dramatically reduces transcription by destabilizing p44 prompted us to analyze whether miR-27a- dependent destabilization of p44 plays a role in the transcriptional shutdown associated to G2-M. For that analysis, 293-Dicer cells were synchronized in G2-M by nocodazole treatment and miR-27a and p44 mRNA/protein levels were measured at different time points upon nocodazole release (Fig. 4 A-C , and Figs. S7 and S8A). After 2 h, cells entering mitosis showed a high level of miR-27a that correlated with a low level of p44 mRNA and p44 protein. At later time points, miR-27a levels decayed and p44 mRNA and protein levels concomitantly increased. To confirm the direct interaction of p44 3′UTR with miR-27a during G2-M, 293-Dicer cells expressing the MS2-GFP were transfected with pTIT-UTR reporter (Fig. 3 A and B) and synchronized with nocodazole (Fig. S7) . After release, the MS2-GFP was immunoprecipitated and the levels of MS2-p44 UTR mRNA interacting with miR-27a (RT-qPCR) were measured. The miR-27a level was maximum in immunoprecipitates obtained from cells harvested at the moment of release (Fig. 4D, 0 h ), whereas the amount of MS2-p44 UTR polyadenylated mRNA was the minimum observed (Fig.  4E, 0 h) . Moreover, the levels of interacting miR-27a detected diminished through cell-cycle progression and MS2-p44 UTR polyadenylated mRNA concomitantly increased (Fig. 4 D and E) . This finding suggested that after nocodazole release, an MS2-p44 UTR derived molecule that cannot be detected by oligo dT priming (Fig. 4E , 0 h) interacts with miR-27a (Fig. 4D, 0 h ). Thus, total MS2-p44 UTR RNA was determined by performing reverse transcription using random primers and qPCR. Results showed that deadenylated p44 RNA was predominant at the moment of release (Fig. 4F, 0 h ) and diminishes during cell-cycle progression (Fig. 4F) . Taken together, these data demonstrate that during G2-M phase transition p44 3′UTR interacts with miR-27a, and suggests that p44 mRNA degradation might occur through a deadenylation process.
miR-27a/p44 Mediated Transcriptional Shut Down Is Necessary for
Cell-Cycle Progression. As previously shown (Fig. 3E) , only slight differences were observed in ASO-treated cycling cells, indicating a narrow regulatory window for endogenous miR-27a to operate over p44. Results displayed in Fig. 4 A to G suggested that the effect of endogenous miR-27a in regulating p44 occurs mainly during G2-M, which corresponds with ∼22% of cells in a cycling population (Fig. S9A) . To confirm that miR-27a regulates p44 through G2-M transition, 293-Dicer cells were synchronized with aphidicolin in G1-S boundary, released, and transfected either with ASO or Sc oligonucleotides. Twelve hours after release, cells were harvested (∼70% of the cells were in G2-M) (Fig. S9B ) and p44 content was analyzed by Western blot. In these G2-M enriched samples, an evident increment of p44 protein was observed in ASO treated cells compared with mock-or Sc-treated controls (Fig. 4H  and Fig. S8B ). Taken together, these results demonstrate that miR-27a regulates p44 protein level at the G2-M transition.
To analyze the involvement of endogenous miR-27a in regulating global transcription during G2-M, a cycling population of 293-Dicer cells was transfected with ASO or Sc oligonucleotides, pulsed with BrU to determine its incorporation to nascent RNA by immunodetection, and stained with propidium iodide for cellcycle analysis. The percentage of cells at each phase of the cell cycle was determined by FACS. The population of cells at G2-M phase was selected and the intensity of fluorescence corresponding to BrU incorporation was measured. Results show that impeding endogenous miR-27a action with ASO causes an increment in p44 protein levels (Fig. 4H ) and a higher transcriptional activity (Fig.  4I) . Indeed, 43% of the cell population in ASO-treated cells dis- representing the mean ± SD of Firefly luciferase activity/Renilla luciferase activity; n = 3 experiments performed in triplicate. *P < 0.05 as determined by Student's t test. (B) 293-Dicer cells were transfected with an antisense for miR27a (ASO), a mimic for miR-27a (miR-27a), a siRNA against p44 mRNA (p44 siRNA), or a scrambled oligonucleotide (Sc) and the p44 mRNA was measured by RT-qPCR. Results are expressed as arbitrary units representing the mean ± SD of p44 mRNA/5S rRNA; n = 3 experiments performed in triplicate. *P < 0.05 as determined by Student's t test. (C) 293-Dicer cells were transfected with a p44 3′UTR Firefly luciferase reporter and either ASO, miR-27a, or Sc respectively and Firefly luciferase activity was determined. Results are expressed as arbitrary units representing the mean ± SD of Firefly luciferase/Renilla luciferase activity; n = 3 experiments performed in triplicate. *P < 0.05 as determined by Student's t test. (D) 293-Dicer cells were transfected with a p44 3′ mUTR Firefly luciferase reporter and either ASO, miR-27a, or Sc respectively and Firefly luciferase activity was determined. Results are expressed as in C. (E) 293-Dicer cells were transfected with miR-27a antisense (ASO), miR-27a mimic (miR-27a), p44 siRNA, or scrambled (Sc) oligonucleotides. Cell extracts were processed for Western-blot for p44. β-Tubulin is shown as control. (F ) 293-Dicer cells were transfected with ASO, miR-27a, p44 siRNA or Sc and general transcription was assessed by 3 H-Uridine incorporation to RNA. Radiolabeled RNA was normalized to 14 C-Thymidine incorporated to DNA before the 3 H-Uridine pulse. Results are expressed as arbitrary units representing the mean ± SD of 3 H-Uridine/ 14 C-Thymidine; n = 3 experiments performed in triplicate. *P < 0.05 as determined by Student's t test. (G) 293-Dicer cells were cotransfected with miR-27a and either (MYC) p44-UTR, p44-mUTR or p44-sUTR and general transcription was assessed as in F. Results are expressed as arbitrary units representing the mean ± SD of 3 HUridine/ 14 C-Thymidine; n = 3 experiments performed in triplicate. *P < 0.05 as determined by Student's t test. (H) 293-Dicer cells were cotransfected with miR-27a and either (MYC) p44-UTR, p44-mUTR, or p44-sUTR and subjected to Western blot against p44 (N-terminal and central region antibodies) and MYC-p44 (MYC epitope). Note that the N-terminal p44 antibody recognizes only endogenous p44 (N-terminal MYC epitope masking), whereas the antibody that recognizes a central region of p44 detects both species. β-Tubulin is shown as control. play higher levels of BrU incorporation relative to mock-or Sctreated cells (Fig. 4I) . Moreover, an abnormal accumulation of cells in G2-M (Fig. 4J) is observed upon ASO treatment. All in all, our data indicate that miR-27a mediated p44 down-regulation is required for normal cell-cycle progression. Whether the posttranscriptional regulation of the other six TFIIH subunits shown to be modulated by the miRNA pathway (Figs. S1 and S3) is also participating in this process remains to be elucidated.
Discussion
In eukaryotic cells, mitosis is accompanied by a global repression of transcription caused by inactivation of the transcriptional machinery (14, 15) . In this regard, abrogation of TFIIH transcriptional activity achieved by inhibition of the CAK-associated RNA pol II carboxyl terminal domain phosphorylation occurs during the G2-M phase. Although it has been generally accepted that the CAK module should dissociate from the core to achieve mitotic inhibition, the mechanism that modulates TFIIH disassembly has remained elusive. Herein we described that several TFIIH subunits are regulated at the posttranscriptional level by the miRNA pathway. Particularly, we demonstrate that miR27a directly binds and regulates the stability of the mRNA that codes for the p44 during G2-M transition, providing a control mechanism relying on the relative abundance of core subunits in G2-M boundaries. In our model, as in Drosophila (16), downregulation of a particular subunit could result into core-CAK dissociation, thus reducing global transcriptional activity. As an alternative, we provide evidence indicating that miR-27a could tether the abundance of core TFIIH by modulating the availability of p44, ultimately regulating transcription. As we have learned from the clinic, many mutations lead to the loss of core TFIIH, ultimately resulting in transcription/DNA repair defects (7) (8) (9) (10) (11) (12) . Moreover, it has been shown that in a recombinant reconstituted TFIIH in vitro transcriptional system, the lack of any core subunit impairs transcription, thus supporting a model were the absence of any core protein could modulate the transcriptional landscape of the cell (34) . Therefore, it is fair to postulate that in patients displaying Xeroderma Pigmentosum, Cockaine syndrome, and Trichothiodystrophy symptoms where no mutations have been allocated, regulatory miRNAs/transcription factors modulating the expression levels of TFIIH subunits could provide an explanation. Furthermore, many features of previously mentioned syndromes (i.e., chromosomal instability, cancer) can be explained by problems associated to chromosome segrega- tion and mitosis, which might result from improper p44 downregulation. In that regard, the overexpression of miR-27a in several cancer types has been proposed to promote oncogenic features, supporting that improper transcriptional shutdown/ inefficient DNA repair might lead to improper resolution of mitosis and cancer (32, (35) (36) (37) .
It is important to bear in mind that although we identified miR-27a as a regulatory molecule for TFIIH through p44 downregulation, six additional TFIIH coding mRNAs are also regulated by the miRNA pathway. Thus, miRNAs targeting TFIIHcoding mRNAs could, in principle, modulate the availability of different subunits favoring the formation of differential TFIIHderived subcomplexes. Supporting the notion that different subcomplexes coexist, it has been recently shown that the XPD subunit is part of a different complex, termed MMXD (38) , involved in chromosomal segregation. In addition, it has been shown that members of the proteosome pathway interact with particular CAK components regulating its degradation (39) . Therefore, to address whether different TFIIH-derived complexes exist naturally, to unravel their biological function, and to assess whether miRNA or proteosome pathways cooperate for the regulation of TFIIH in vivo are major goals to achieve.
Materials and Methods
Cell Culture and Dicer Knockdown 293-Dicer cells (Dicer kd-2b2) were grown and Dicer knockdown was induced as described in ref. 28 ) and in SI Materials and Methods. MS2-GFP stable cell line generation and RNA immunoprecipitation protocols are available in SI Materials and Methods.
miRNA Detection, Mimicry, Knockdown, siRNA, and Cell Synchronization. Both miR-27a and miR-27b levels were determined by reverse transcription followed by qPCR with LNA-specific primers (EXIQON). Mimicry for miR-27a, siRNA (smartpool-p44 mRNA) and ASO (miR-27a) molecules were used at 10 nM final concentration (Dharmacon). Cell synchronization procedures are described in SI Materials and Methods.
Transcription Assays. 293-Dicer cells were plated at low density in the presence of 2.5 μL/mL of medium of 14 C-Thymidine (50 μCi; Perkin-Elmer) and were grown for 3 d. After radioactive medium removal, cells were mock-treated or transfected according to experimental design. Sixteen hours after transfection, cells were pulsed with 10 μL/mL of 3 H-Uridine (1 mCi; Perkin-Elmer) for 1 h and processed to determine radioactive incorporation to RNA/DNA.
BrU Pulse and FACS Analysis. Transfected 293-Dicer cells were pulsed with 2.5 mM BrU (Sigma) for 30 min, methanol-fixed, and incubated overnight with anti-BrDU antibody (Santa Cruz) in blocking buffer at 4°C (SI Materials and Methods). Samples were washed with ice-cold 10 mM PBS and incubated with a secondary antibody Alexa 488 conjugated (Molecular Probes) for 3 h at room temperature, washed again, and incubated in 10 mM PBS supplemented with propidium iodide at 50 μM final concentration overnight at 4°C. Cell-cycle analysis and BrU incorporation were assessed by FACS (FACScan).
